Purpose: Low muscle mass is present in approximately 40% of patients with metastatic colorectal cancer (mCRC) and may be associated with poor outcome. We studied change in skeletal muscle during palliative chemotherapy in patients with mCRC and its association with treatment modifications and overall survival. Methods: In 67 patients with mCRC (mean age 66.4±10.6 years, 63% male), muscle area (cm 2 ) was assessed using L3 CT scans before and during palliative chemotherapy. Treatment modifications due to toxicity were evaluated including delay, dose reduction or termination of chemotherapy. Multiple regression analyses were performed for the association between change in muscle area and treatment modifications and secondly overall survival. Results: Muscle area of patients with mCRC decreased significantly during 3 months of chemotherapy by 6.1% (95% CI -8.4 to -3.8, p<0.001). Change in muscle area was not associated with treatment modifications. However, patients with a >9% muscle loss during treatment (lowest tertile) had significantly lower survival rates than patients with muscle loss of less than 9% (at 6 months 33% v 69% of patients alive and at 1 year 17% v 49% of patients alive; log-rank p=0.001). Muscle loss of >9% remained independently associated with survival when adjusted for sex, age, baseline LDH concentration, comorbidity, mono-or multi-organ metastases, treatment line and tumor progression at first evaluation by CT scan (HR 4.47, 95% CI 2.21-9.05, p<0.001). Conclusion: Muscle area decreased significantly during chemotherapy and was independently associated with survival in patients with mCRC. Further clinical evaluation is required to determine whether nutritional interventions and exercise training may preserve muscle area and thereby improve outcome.
Introduction
Colorectal cancer is the third most common cancer in the world, with nearly 1.4 million new cases diagnosed in 2012 (1) . Approxmately one-fifth of patients are being diagnosed with synchronic metastatic disease (mCRC), while almost 50% of patients will eventually develop metastatic disease after their primary diagnosis. A large number of patients with mCRC is overweight or obese with prevalence ranging between 45-53% (2) (3) (4) . By way of contrast, a low muscle mass is present in approximately 40% of patients, and not only in underweight patients (3) . A low muscle mass in combination with a body mass index (BMI) above 30 kg/m 2 is referred to as 'sarcopenic obesity' and was a prognostic indicator of worse overall survival in patients with pancreatic cancer (5) and patients with solid tumours of the respiratory or gastrointestinal tract (6) . Causes of low muscle mass may be found in a combination of reduced food intake, low physical activity and abnormal metabolism (7) . Abnormal metabolism was found to be the most important contributor to low muscle mass in progressive end-stage disease (8) (9) (10) and is referred to as 'cachexia'. Reversing muscle loss in patients with cancer is difficult, because cachexia is caused by tumor activity and released cytokines. Nevertheless, during active anticancer treatment, there might be a window of opportunity for nutritional support and exercise programs. Cross-sectional studies have shown that low muscle mass is associated with poor survival and increased treatment toxicity in patients with colorectal cancer undergoing treatment with chemotherapy (2;3;11-13). However, longitudinal studies on changes in muscle mass during chemotherapy for mCRC are lacking. The aim of this prospective study was to evaluate muscle mass changes using single Computed Tomography (CT) images of the abdominal region (L3) in relation to chemotherapy toxicity and survival in patients with mCRC. Secondly, baseline muscle measurements in relation to clinical benefit and toxicities from chemotherapy were evaluated.
Materials and Methods
Data were prospectively collected in a study on (pre)cachexia, in which nutritional and biochemical features from patients with advanced cancer were evaluated before start of chemotherapy at the VU University Medical Center, Amsterdam, The Netherlands . A first interim analysis of these data was published in 2014 (14) .
Patients were invited to enter the study before start of chemotherapy. Inclusion criteria were: adult patients with stage III/IV lung cancer, stage IV breast cancer, stage IV prostate cancer or stage IV colorectal cancer who are planned to receive chemotherapy. Exclusion criteria were: systemic treatment in the past month and clinically overt ascites or serious pitting edema. Measurements of nutritional and biochemical features were performed at one time point: before start of chemotherapy treatment. For the current subgroup analyses, all consecutive patients with mCRC, recruited between October 2011 and January 2014, were selected. CT scans made for diagnostic purposes, at baseline and during treatment with chemotherapy (according to standard evaluation schemes) were used to evaluate change in muscle mass during treatment. The research protocol was approved by the Medical Ethics Committee of the VU University Medical Center Amsterdam and the study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Written informed consent was obtained from all participants. Skeletal muscle area (cm   2   ) was measured with SliceOmatic Software V 5.0 (Tomovision, Magog, Canada) using routine CT scans conducted for diagnostic purposes. We used 2 CT scans: one at baseline (before start of chemotherapy) and one during treatment, according to standard evaluation schemes. Median time between the two scans was 78 (IQR 67-92) days. The third lumbar vertebra (L3) was used as a standard landmark as this correlates best with whole body muscle mass (15;16) ; the first image extending from L3 to the iliac crest was chosen to measure total muscle cross-sectional area. The L3 region contains psoas, paraspinal muscles, and the abdominal wall muscles. These muscles were identified based on their anatomic features by two trained researchers (SB and NdB). The structures of those specific muscles were quantified based on pre-established thresholds of Hounsfield Units (HU) (-29 to + 150) of skeletal muscle tissue (17) . Cross-sectional areas (cm 2 ) of the sum of all these muscles were computed by summing tissue pixels and multiplying by the pixel surface area for each patient at each time point. We found a mean coefficient of variation between observers of 0.6% for skeletal muscle area in a random sample of 20 patients, which is regarded to be low (18) . To estimate total body skeletal muscle mass, the regression equation of Shen et al (15) was used. Changes between the first and second scan were calculated as a rate of change per 3 months, meaning change per first evaluation, to be able to compare with available literature (19;20) . Relative muscle change per three months was categorized into tertiles of muscle change; tertile 1: Highest muscle loss until 9%, 2: Muscle loss of 9% to 1.5% and 3: muscle loss of 1.5% until highest gain in muscle. Muscle density (MD) was measured using the muscle radiation attenuation rate (in HU) because of its prognostic value in patients with cancer (21;22) . Skeletal Muscle Index (SMI) was calculated as the ratio of skeletal muscle area (cm 2 )/height (m) 2 . Body height was measured using a stadiometer; the patient was standing barefoot and height was determined to the nearest cm. Sex-and BMIspecific cut-off values of low SMI and low MD according to Martin et al (23) were used to define patients with normal and low values.
Measurements

Skeletal muscle measurement
Body weight
Baseline body weight was measured within 0.2 kg on a calibrated scale (Seca type 888) and self-reported weight loss in the past 6 months was noted. Body weight during chemotherapy was obtained from the medical records within 2 weeks of the date of the second CT scan. A correction factor for clothes or clothes and shoes was made by deducting weight with respectively 1.6 and 2.0 kilograms for men and 1.0 and 1.3 kilograms for women (24) . To compare with change in muscle mass, we calculated the rate of change (%) standardized to three months. BMI was calculated as the ratio of body weight (kg)/height (m) 2 .
Treatment modifications
Treatment modifications that were taken into account consisted of delay, dose reduction or discontinuation of chemotherapy due to reported toxicity in the period between the two CT scans. Other modifications, such as delay because of patient's preference or vacation were not taken into consideration. Also, the number of treatment modifications was not taken into account, as treatment modifications were measured on a dichotomous scale (present or absent). Information on treatment modifications was obtained from medical records.
Survival
Total follow-up time was 3.5 years. Survival time was defined as time from inclusion in the study until death or last consultation in the hospital.
Covariates
The following variables were obtained from the medical record and used in statistical analyses as covariates, as they carry prognostic value: sex, age, treatment line (>2 nd versus 1 st , counted as consecutive chemotherapy line based on the fact that a new type of chemotherapy was introduced), start dose of chemotherapy (normal/ decreased), WHO performance status (> 2 versus 0/1), Charlson Comorbidity Index (25) (CCI > 1 versus 0), serum lactate dehydrogenase (LDH, measured within four weeks before start of chemotherapy), severity of disease (multi-organ vs. mono-organ metastases) and outcome of first evaluation CT scan ('progression' vs. 'stable disease/regression of the tumor').
Statistics
Statistical analyses were performed using SPSS for Windows v. 20.0 (IBM Corporation, Armonk, NY, USA). Descriptive statistics (count (%), means ± SD, or median and interquartile ranges, as appropriate) were used to describe the study sample. Paired samples t-tests were conducted to assess changes in skeletal muscle area, MD and body weight. Spearman's correlation coefficient was used to assess correlation between body weight change and muscle area change. Logistic regression analyses were used to test associations between treatment modifications and muscle measurements (baseline SMI: low vs. normal (reference), baseline MD: low versus normal (reference) and change in muscle area per percent). In multiple regression analyses, adjustments were made for age, sex, comorbidity score, start dose, treatment line and WHO performance status. Kaplan-Meier curves for overall survival were constructed separately for patients in the first, second and third tertile of relative muscle change. Differences between the curves were evaluated by log-rank tests. Six months and 1 year survival proportions were also calculated. Cox proportional hazards analyses were performed to test associations between overall survival and muscle measurements (baseline SMI: low vs. normal (reference), baseline MD: low versus normal (reference) and change in muscle area per percent). In multiple regression analyses, adjustments were made for age, sex, baseline serum LDH level, comorbidity score, severity of disease and treatment line. For analyses including change in muscle mass during chemotherapy, an extra adjustment was performed for tumor progression at 1st evaluation by CT scan (progression vs response/stable disease (reference)) as a potential confounder for rate of muscle loss and survival. Furthermore, overall survival times were calculated with the second CT scan as starting point for these analyses. A p-value of < 0.05 was considered significant for all analyses.
Results
Sixty-seven with mCRC and evaluable CT scans at baseline were included. For longitudinal analyses, four patients were excluded because they had died (n=2) or because they had no CT scan for other reasons (n=2) at the time of evaluation. Critical weight loss of >5% in 6 months before start of chemotherapy was prevalent in 33% of patients. At baseline, more than half of the patients were overweight (55%) or obese (8%) while 57% suffered from a low SMI. Sarcopenic obesity was present in one patient (table 2) . Changes in muscle mass and body weight Skeletal muscle area decreased, both in males and females, by 6.1% (95% CI -8.4 to -3.8, p<0.001) in three months, corresponding to 1.7 kg in males and 1.1 kg in females. The proportion of patients with low SMI increased from 57% at baseline to 70% at the second CT scan (table 3) . 
Survival
Median OS was 17.5 (95% CI 13.3-21.7) months for patients receiving first line chemotherapy and 8.5 (95% CI 4.4-12.6) months for patients receiving second line chemotherapy or higher. Survival curves were significantly different for the tertiles of muscle change (log-rank: p=0.005, figure 1 ).
In pairwise comparison, the survival curve of tertile 1 (>9% muscle loss) was significantly different from the survival curve of tertile 2 (muscle loss of 9 to 1.5%, log-rank: p=0.007) and also from the survival curve of tertile 3 (-1.5% until highest gain in muscle, log-rank: p=0.009). However, the survival curve of tertile 2 was not significantly different from the survival curve of tertile 3 (log-rank: p=0.961) therefore tertile 2 and 3 were pooled (cut-off: 9% muscle loss). Cumulative Survival (probability) 
Time (months)
Discussion
This is the first study to present a change in muscle area during palliative chemotherapy for patients with mCRC. Patients with 9% or more decrease in muscle area during chemotherapy, the lowest tertile of patients, had significantly lower overall survival rates than patients with less than 9% decrease, independent of known prognostic covariates. Previously, a rapid decrease in skeletal muscle mass has been shown in patients with colorectal cancer in the last year of their life (8;9). In the current study, patients lost skeletal muscle during active anticancer treatment. The rate of muscle loss was comparable to that of patients with cholangiocarcinoma and esophageal cancer during treatment (19;20) . Compared to muscle loss in normal aging, patients with cancer suffer from a twenty-four-fold more rapid loss of muscle mass than normal: 6% muscle loss in 3 months (table 2) versus 1% per year (26) . Overall consequences of muscle atrophy in humans are found to be devastating: increased risk of falling (27) , diminished self-reliance (28), decreased quality of life, increased risk of treatmentrelated complications and shorter survival (29) . Although previous studies described an association between reduced muscle mass before treatment and treatment modifications (2;11), we did not observe this association. A possible explanation for this may be found in the heterogeneity regarding treatment regimens and follow-up time: six different treatment regimens were recorded and follow-up time depended on the timing of the second CT scan. Prado (11) and Barrett (2) looked at homogeneous groups of patients with mCRC with one type of chemotherapy and specific follow-up time (e.g. number of cycles). Nevertheless, in post-hoc analyses no associations between skeletal muscle and treatment toxicity in a homogeneous group of patients who were treated with Capecitabine and Oxaliplatin in first line treatment were found either. We hypothesize that muscle mass may not be related to bone marrow toxicity, one of the most important types of toxicity of this treatment regimen (30) . Furthermore, peripheral neuropathy is a type of toxicity which might be related to muscle loss but has been regarded as a more long-term type of toxicity and therefore, may not yet be present in the first three months of treatment.
Although there was an association with low MD at baseline (in multiple regression analysis only), low SMI at baseline was not associated with survival in the evaluated group of patients with mCRC. This is in contrast with some (5;6;12;31;32), but not all previous findings. Stene and colleagues described comparable results in non small cell lung cancer (33) and Antoun and colleagues have also found comparable results in patients with melanoma (22) . One possible explanation might be found in the phenomenon of 'sarcopenic obesity': patients with sarcopenic obesity had worse prognosis compared to patients without sarcopenic obesity in earlier studies (5;6) . Although the number of obese patients in our study was too small for subgroup analyses, we found that the prevalence of low muscle mass in obese patients in our study was comparable to the prevalence found in the study of Prado and colleagues (6); 20% (1/5) versus 15% (38/250), respectively. Muscle loss during chemotherapy was associated with worse overall survival, independent of important prognostic covariates. This is a new finding and raises the question whether interventions aimed at preservation of muscle mass during treatment are effective to improve outcome. One example of a promising intervention might be increasing physical activity during treatment, as this has been proven to improve muscle strength in cancer survivors (34) and during chemotherapy (35) . Another promising intervention might be nutritional counselling with use of high amounts of proteins during the day (36) with high enough thresholds per meal (37) as this also has been proven to increase protein synthesis in healthy elderly. Potentially, the two interventions may be optimal when combined (38) . The use of ghrelin agonists for the treatment of cancer-associated anorexia could also be considered (39) . Furthermore, future studies should consider recruiting not only patients with severe weight loss or cachexia, as we have shown that muscle loss during treatment was a predictor of poor survival independent of the amount of muscle mass at baseline. Alternatively, causes of muscle loss could be studied more in depth to find rational intervention possibilities. For example, the intervention strategy will be different when anorexia is the most important cause of muscle loss than when cachexia is the most important cause of muscle loss. In order to study this, a higher number of patients is required to also evaluate food intake and energy expenditure before and during chemotherapy.
In conclusion, significant muscle loss occurred in patients with mCRC during chemotherapy. Muscle loss of 9% or more during chemotherapy was independently associated with a poorer survival. Future studies should investigate causes of muscle loss and whether interventions may attenuate or improve muscle mass during treatment and may lead to improvement in clinical outcomes such as survival.
Letter to the Editor
To the editor, The article by Blauwhoff-Buskermolen et al (1) highlights changes in body composition that occur during chemotherapy in patients with metastatic colorectal cancer. Literature on the impact of body composition, as defined by specific computed tomography criteria, in cancer management is evolving and, in our view, has the potential to become a valuable clinical biomarker across an array of cancers, with the ability to predict toxicity from systemic therapy as well as overall outcome. Altered body composition is common in many cancers. Studies that have evaluated body composition changes during anticancer treatment by using singleslice computed tomography images of the abdominal region (L3) are becoming more frequent and have focused primarily on the prognostic significance of changes in muscle mass (2, 3) . The current study by Blauwhoff-Buskermolen et al (1) focuses on the prognostic role of loss of muscle mass during chemotherapy in patients with metastatic colorectal cancer. The authors report that patients who experienced a loss of muscle mass > 9% (lowest tertile) had significantly lower survival rates than did those who experienced a loss of <9%, which remained significant after controlling for important prognostic covariates (hazard ratio, 4.47; 95% CI, 2.21 to 9.05; P <0.001).1 In the current study, low skeletal muscle index (SMI; skeletal muscle area at L3/height [m 2 ]) at baseline was not associated with reduced survival, which contrasts with some (4), but not all, research findings (2, 5, 6) . In the literature today, the most commonly used cut points for the definition of low SMI (or sarcopenia) using body composition from computed tomography scanning are those published by both Martin et al (4) /m 2 for women to be prognostic of reduced survival in a large cohort of 1,473 patients with lung and GI cancer; and by Prado et al (7), who defined low SMI of < 52.4 cm 2/ m 2 for men and <38.5 cm 2 /m 2 for women as a predictor of poor overall survival in a cohort of 250 obese patients with lung and GI cancer. Both sets of cut points have been derived by using optimal stratification analysis in a North American population, and their use in other ethnicities has been questioned (8) . This is largely in response to significant differences in skeletal muscle mass and in the rates of muscle loss with age that have been observed among different ethnic groups-African Americans, Whites, Hispanics, and Asians (8) . Ethnic variation in cancer survival is not new, for example, East meets West in gastric cancer (9) , and toxicity from chemotherapy can also vary depending on the population studied, for example, regional differences for the tolerability of fluoropyrimidines (10) . Within their study, Blauwhoff-Buskermolen et al (1) defined low SMI by using the cut points established by Martin et al (4) . Extrapolating such cut points to a cohort of Dutch patients may have been a suboptimal approach to identify the true prevalence of low SMI and the relationship between low SMI and survival within this cohort. This may identify why changes in skeletal muscle area in this study was predictive of reduced survival, whereas low SMI at a specific time point was not. Although these North American-derived cut points have been widely applied in studies that have examined the clinical implications of low SMI, the validity of these cut points in a large European cohort has not been examined. Several of the published studies, which have reported nonsignificant relationships between low baseline SMI and reduced survival have been from European studies (2, 5) that have used the North American-derived cut points. Further large-scale investigations are warranted in European populations, where cut points for low SMI are devised by using optimal stratification to determine its prognostic value within this population. This would provide cut points that have been validated to predict survival in large cohorts of European patients with cancer, and would not rely on cut points previously established in populations that are not representative of those being studied. In our view, the utility of body composition analysis could be even greater if ethnic variation is accounted for. 
Response from the authors
We thank Daly et al (1) for providing valuable comments regarding our recent paper on the prognostic role of muscle loss during anticancer treatment in patients with metastatic colorectal cancer. 2 We have found that muscle mass decreased significantly during chemotherapy and a decrease in muscle mass was independently associated with poor survival in patients with metastatic colorectal cancer. Daly et al1 correctly note that we observed no associations between a low skeletal muscle index at baseline and reduced survival, in contrast to some but not all previous studies. In our article, we provide some explanations for this discrepancy, for example, the heterogeneity regarding treatment regimens and follow-up time (2). Daly et al add a possible explanation as there may be a possible difference in body composition reference values between a North American (Canadian) and European population. Daly et al suggest that extrapolating cutoff points from a Canadian population to a cohort of Dutch patients may have been a suboptimal approach to identify the true prevalence of low SMI and the relationship between low SMI and survival within this cohort. We acknowledge the importance of differences in body composition between countries. For example, the Dutch population, on average, is taller and the prevalence of overweight and obesity is lower compared with the Canadian population (3, 4) . Although a large percentage of the Canadian population consists of (European) immigrants (5), we agree that it would be better to compare our study data with normative values derived from a European, or even a Dutch, population. Although we did find a new publication with cutoff values for an Asian population (6) , normative data for a European population are not available yet. There are several options to consider to overcome the question of ethnic variation in body composition in the near future. Data on body composition measured with computed tomography scans from recent European studies (7-10) could be pooled to build a database with reference values for the European population. Another approach is to derive normative values from a healthy population, which is what our group is working on at the moment. It would then be interesting to repeat the statistical analyses of our study and to investigate whether our population truly displayed a low skeletal muscle index compared with European reference values. Only then we will be able to understand why skeletal muscle index was not associated with survival in our cohort and whether this may have been caused by choosing the wrong reference group. In the meantime, while we await reference values for different countries and/or ethnic groups, we recommend that future studies on body composition display patient characteristics with regard to ethnicity, especially when cutoff values or reference values are being used. This does not apply to Europe alone, but also to other regions across the world.
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